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As ecosystem engineers, invasive earthworms are one of the main drivers of plant community changes in North American forests previously devoid of earthworms. One explanation for these community changes is the effects of earthworms on the reproduction, recruitment, and development of plant species. However, few studies have investigated functional trait responses of native plants to earthworm invasion to explain the mechanisms underlying community changes. In a mesocosm (Ecotron) experiment, we set up a plant community composed of two herb and two grass species commonly found in northern North American forests under two earthworm treatments (presence vs. absence). We measured earthworm effects on above- and belowground plant biomass and functional traits after 3 months of experiment. Our results showed that earthworm presence did not significantly affect plant community biomass and cover. Furthermore, only four out of the fifteen above- and belowground traits measured were affected by earthworm presence. While some traits, such as the production of ramets, the carbon and nitrogen content of leaves, responded similarly between and within functional groups in the presence or absence of earthworms, we observed opposite responses for other traits, such as height, specific leaf area, and root length within some functional groups in the presence of earthworms. Plant trait responses were thus species-specific, although the two grass species showed a more pronounced response to earthworm presence with changes in their leaf traits than herb species. Overall, earthworms affected some functional traits related to resource uptake abilities of plants and thus could change plant competition outcomes over time, which could be an explanation of plant community changes observed in invaded ecosystems.
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INTRODUCTION

Biological invasions are one of the most important threats to native biodiversity (Davis, 2009; Wardle et al., 2011; Díaz et al., 2019). Among them, invasive ecosystem engineers, such as earthworms, can be particularly harmful (Bohlen et al., 2004; Frelich et al., 2019). They affect soil properties (Ferlian et al., 2020), native soil fauna (Eisenhauer, 2010; Ferlian et al., 2018), and plant biodiversity (Craven et al., 2017), with consequences for other trophic levels and ecosystem services (Frelich et al., 2012, 2019). These effects are even stronger when recipient ecosystems lack functionally similar native soil fauna (Wardle et al., 2011), such as the case for earthworms in many regions in northern North America. There, the native earthworm fauna is assumed to have disappeared during the last glaciation, prior to the recent introduction of exotic earthworm species ∼400 years ago (Bohlen et al., 2004; James and Hendrix, 2004; Hendrix et al., 2008).

A large portion of previous research on the ecosystem consequences of earthworm invasion in northern North America has focused on plant community composition and diversity (Hale et al., 2006; Nuzzo et al., 2009, 2015; Hopfensperger et al., 2011; Drouin et al., 2016; Craven et al., 2017). The direct and indirect mechanisms behind observed plant community changes are manifold. Invasive earthworms influence seed bank composition, seed recruitment, and the development and survival of seedlings (Hopfensperger et al., 2011; Clause et al., 2015; Dobson and Blossey, 2015; Nuzzo et al., 2015; Cassin and Kotanen, 2016). The outcome of these earthworm–seed interactions may depend on the morphological and chemical traits of seeds (Eisenhauer et al., 2009c; Clause et al., 2011, 2017). Moreover, invasive earthworms can further alter the plant functional traits of native plants. Exotic earthworms induce changes in the above- and belowground biomass (Hale et al., 2008), stem height, number of leaves and culms (Dávalos et al., 2013, 2015), nutrient concentrations of tissues (Dobson et al., 2017; Richardson et al., 2018), as well as myccorhizae association (Paudel et al., 2016). However, plant responses depend on the identity of the plant species and their functional groups (Kreuzer et al., 2004; Eisenhauer and Scheu, 2008; Coulis et al., 2014), and may further vary according to the species’ phenotypic plasticity. Currently, we lack information about potential changes of a set of plant functional traits to better understand plant responses to exotic earthworm presence, and consequently the mechanisms behind native plant community changes.

Earthworms are likely to alter soil nutrient availability and dynamics, such as changing the spatial distribution of nutrients from homogeneous to patchy (Shuster et al., 2001) or the distribution between soil layers (Ferlian et al., 2020). Besides, invasive earthworms were shown to increase the drainage/leaching of soil nutrients in their burrows (Larson et al., 2010; Eisenhauer et al., 2012a). Thus, we could expect that plant root traits respond to these earthworm-induced soil modifications, and that the changes in native plant community composition due to earthworm invasion are related to their selective effects on particular nutrient resource uptake strategies of plants (Andriuzzi et al., 2016).

Indeed, some plant species, such as the native species Achillea millefolium, were shown to place their roots inside the burrows of exotic earthworms (Cameron et al., 2014). As a consequence, exotic earthworms may specifically foster plant species with the highest ability to take up resources in their burrows and that have the highest plasticity in their functional traits. Such plant species are likely to be located toward the ‘fast end’ of the whole-plant economic spectrum (Reich, 2014). Fast-growing species are characterized by, e.g., a low leaf dry matter content, high specific leaf area and nitrogen content in leaves (Craine, 2009; Donovan et al., 2011; Reich, 2014), as well as a high specific root length and percentage of fine roots (Tjoelker et al., 2005; Roumet et al., 2016), with these characteristics being linked to high nutrient uptake and assimilation abilities. Consequently, earthworm-induced habitat changes could favor species with high adaptation and resource competition abilities under high resource conditions, such as fast-growing species like nitrophilous graminoid species (Craven et al., 2017).

Here, using a plant functional trait approach and plant species originating from the understory community of a North American boreal forest, we studied plant species responses to exotic earthworms to advance our understanding of the mechanisms behind native plant community changes due to earthworm invasion. We hypothesize that (i) earthworms will increase plant community biomass and cover (mostly driven by a positive response of grasses) by increasing soil nutrient availability; (ii) earthworms will mainly affect the traits related to resource uptake (e.g., height, specific leaf area, and specific root length); and (iii) plant functional trait responses will vary according to plant species identity but will be more pronounced in grass species (i.e., fast-growing species) than in herb species.



MATERIALS AND METHODS


Experimental Design

We investigated how exotic earthworms affect plant functional traits in an indoor mesocosm experiment. We simulated the conditions of a well-studied Canadian aspen forest that is known to experience earthworm invasion and subsequent shifts in plant communities (Eisenhauer et al., 2007, 2009d; Straube et al., 2009). The experiment was conducted at the iDiv Ecotron of the German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig in Germany (Eisenhauer and Türke, 2018). We used twelve EcoUnits (i.e., experimental units) set up in an air temperature-controlled environment. For each of the EcoUnits, the air temperature was on average 18.5 ± 2.3°C at day (± sd) and 15.7 ± 1.7°C at night (mean ± sd), in a 16 h day/8 h night cycle, with a light intensity of around 400 μmol m–2 s–1 of photosynthetic photon flux density at the soil surface. The soil temperature was on average 17.1 ± 1°C. The EcoUnits were irrigated using a sprinkler system delivering 1 L of tap water in ∼1 min, every 6 h. The amount of tap water used was adjusted regularly and simultaneously for each EcoUnit and ranged between 0.5 L to 1 L in order to keep the volumetric soil water content lower than 40%.

The bottom part of each EcoUnit (inner dimension (L × W × H): 1.24 × 1.24 × 0.8 m) was filled with 1.23 m3 of sterilized topsoil (pH = 7.05; C:N = 9.30) provided by Bauzentrum Farys GmbH, Laucha. Prior to filling the EcoUnits, the soil was sterilized by steam heating (120°C for 1 h) and was then heavily watered to drain the nutrients resulting from the sterilization procedure. Afterward, the soil was re-inoculated with a microbial wash of the soil from the earthworm-free area of the above-mentioned aspen forest in Kananaskis Valley (Alberta, Canada) to introduce soil microbial communities without any co-evolutionary history with European earthworms. To do so, Canadian soil was collected in the field, shipped to Germany in a cooling box, sieved (4 mm mesh size), and homogenized. We then mixed 380 g of this soil with 300 mL of tap water and homogenized and sieved (125 μm mesh size) the solution. The extracted solution was re-diluted with 100 ml of tap water and then distributed homogeneously on the topsoil of each EcoUnit.

The aboveground community consisted of four Canadian native plant species (grasses and herbs) and two native tree species. The seeds of grasses [Calamagrostis canadensis (Michx.) and Bromus ciliatus (L.)] were purchased from Prairie Moon Nursery (MN, United States) and the herbs [Symphyotrichum laeve (L.) and A. millefolium (L.)] from the nursery Wild About Flowers (AB, Canada). While native populations of A. millefolium occur in North America, exotic populations originating from Europe have also established, leading to a possible hybridization and thus difficulty to distinguish them morphologically (Mulligan and Bassett, 1959; Warwick and Black, 1982). Therefore, the reader should note that we cannot be sure to have sown native seeds of A. millefolium in the present study. The tree species Populus balsamifera (L.) and Populus tremuloides (Michx.) came from the tree nursery Pflanzenhandel Winkler Gbr (Germany). After careful washing of the roots with tap water to avoid the introduction of soil fauna into the EcoUnits, two individuals of each of the two tree species were planted diagonally at a distance of around 85 cm in each of the EcoUnits, adding up to four tree individuals in each EcoUnit, with one tree individual in the center of each quarter. Dead trees were replaced during the first 5 weeks and were harvested after 16 weeks of the experiment. Although the presence of trees was important to simulate the conditions in the target forest, tree responses to earthworms were not investigated in the present study, whereas we used the dry weight of the tree biomass produced per EcoUnit (dried at 60°C for 72 h, and including the biomass of trees re-sproutings) as a covariate in our models to explain plant trait- and community responses. The tree performance assessments had a different focus than the study of herbaceous plant traits (Thakur et al., 2020).

The herbaceous plant community was planted approximately 1 month after the last tree replacement to avoid disturbance due to the replacement of dead trees. The seedlings constituting the herbaceous community were planted according to two random patterns of the plant community mixture. In both patterns, the plant community consisted of 50% grasses and 50% herbs, with herbs and grasses planted in an alternate order (Supplementary Material 1). These patterns were set to introduce heterogeneity in the location of the different plant species of the plant understory community. Species within functional groups were randomly distributed to functional group locations in each pattern, keeping the number of individuals per species and EcoUnit constant (36 individuals per species, thus 144 individuals per community in one EcoUnit). The plant seedlings were pre-grown in a greenhouse for about 16–28 days at 21°C at day and 15°C at night, and were transplanted at 10 cm distances into each EcoUnit forming the experimental plant communities. The average height (± sd) of transplanted seedlings depended on the plant growth forms. Overall seedlings of herb species such as S. laeve that form a basal rosette (1.6 ± 0.6 cm) were smaller than that of grass species such as B. ciliatus that grow up erected/upright (15.5 ± 3.3 cm). Achillea millefolium (8.2 ± 3.5 cm) and C. canadensis (12.4 ± 3.7 cm) had intermediate height. Dead seedlings were replaced during the first 3 weeks, and weeds originating from the seed bank were removed regularly. None of the experimental treatments influenced the survival of the planted individuals (Supplementary Material 2).

The earthworm treatment was applied 16 days after planting the trees. Earthworms were added to half of the EcoUnits (n = 6 without earthworms and n = 6 with earthworms) and corresponded to a mixture of two ecological groups of earthworms to simulate the earthworm community and functional composition of northern North American ecosystems (Straube et al., 2009; Eisenhauer et al., 2011). To the six EcoUnits with earthworm presence, we added earthworm species from the Lumbricidae family, invasive in North America with a density of around 43 ind.m–2: 50 individuals of Lumbricus terrestris (L.) (anecic; total average fresh weight ± sd: 167.31 ± 0.92 g) and 15 individuals of Aporrectodea rosea (Savigny) (endogeic; 4.02 ± 0.10 g) were introduced. Earthworms were purchased from commercial suppliers (TZ – Terraristik Zentrum, Germany) or collected in a garden in the vicinity of Leipzig (Germany) and kept in the fridge (12°C) until use. To control for the potential effect of soil in earthworm guts (including nutrients and microorganisms), 4 g of soil previously used for earthworm storage was added to each EcoUnit of the control treatment without earthworms. During the experiment, we added litter on the top of the soil to provide food to earthworms and simulate natural conditions. Three times, 50 g of litter collected from Populus nigra var. italica stands in the vicinity of Leipzig (Germany) were added to each EcoUnit. The litter material was cut into small pieces of about 2 cm in diameter and homogeneously distributed on the soil surface. The last litter addition (this time a total of 100 g per EcoUnit) was done 40 days before the end of the experiment and consisted of a mixture of 15N labeled and non-labeled poplar litter. The mixture contained 5% of labeled material (4.2 ± 3.8 atom% 15N) and was used to explore potential earthworm-induced changes in nutrient mineralization and uptake by plants based on 15N signatures in plant leaves.

At the end of the experiment, we verified that earthworms successfully established and were active in our EcoUnits. Across the replicates of the earthworm treatment, we counted on average 35 ± 2.61 casts per m2 (mean ± sd) produced by the earthworms at the surface of the soil. We then assessed earthworm abundances by performing earthworm extraction in two opposite quarters of each EcoUnit, using the hot mustard method (Eisenhauer et al., 2008). The mustard solution was prepared by diluting 100 g of mustard powder in 10 L of tap water. In each quarter of the EcoUnit, 5 l of the mustard solution was applied to a circle of 50 cm in diameter. Earthworms appearing at the soil surface were collected during 15 min. Then, the procedure was repeated by adding another 5 l of mustard solution, and earthworms were collected for another 15 min. Then, they were sorted, counted, and weighed according to ecological groups. We extracted almost half (∼42%) of the earthworms that were initially inoculated. Across the EcoUnits where earthworms were added, the density of earthworms extracted was around 18.3 ± 4.9 ind.m2 (mean ± sd), and their total biomass was around 50.1 ± 9.9 g.m2 (mean ± sd). However, the density of earthworms in the mesocosms is probably underestimated, as the mustard extraction method is not comprehensive and also less efficient for endogeic species (Chan and Munro, 2001; Lawrence and Bowers, 2002; Gutiérrez-López et al., 2016). Indeed, extracted earthworms mainly belonged to the anecic species L. terrestris (17.8 ± 4.8 ind.m2; 50 ± 9.7 g.m2), while few were from the endogeic species A. rosea (0.4 ± 1.0 ind.m2; 0.1 ± 0.3 g.m2). These results thus indicate the successful establishment of the earthworm treatment, but does not allow any conclusions about the percentage of surviving earthworms. No earthworms were found in the control treatment.



Data Collection


Plant Cover Estimation

Plant above- and belowground traits related to plant development, resource-use strategy, and reproduction ability were measured after 103 days of the experiment. Prior to trait measurements, total cover as well as the species-specific plant cover were estimated using a modified decimal scale from Londo (1976). To do so and to avoid sampling bias, two persons estimated visually and independently the cover of each community and agreed on a cover category. The same procedure was applied for the cover of each species in each mesocosm. Trees re-sproutings were included in the total cover estimation. Thirteen cover categories were defined: <1%; 1–3%; 3–5%; 5–15%; 15–25%; 25–35%; 35–45%; 45–55%; 55–65%; 65–75%; 75–85%; 85–95%; and >95%. The median values of these classes (0.5, 2, 4, 10, 20, 30, 40, 50, 60, 70, 80, 90, 98%) were used for further analyses.



Aboveground Traits and Species-Specific Biomass

To record the vegetative height (cm), ten individuals per species were randomly selected for each plant pattern, in the center of the EcoUnit (i.e., to avoid potential border effects) using an R function. Vegetative height was measured as the shortest distance between the soil surface and the upper part of the highest leaf of the plant (Cornelissen et al., 2003; Pérez-Harguindeguy et al., 2016). We also recorded the presence-absence of flowers as well as the number of ramets for each of these ten individuals. The mean values of these two traits were calculated per species at the EcoUnit level prior to further analysis. Among these ten individuals per species, five individuals were randomly selected in full light conditions to measure individual biomass and leaf traits. The species-specific biomasses per EcoUnit were measured by cutting shoots at 1 cm above the soil surface. Plant species-specific biomasses were dried at 60°C for at least 72 h and weighed. To calculate the total biomass of the plant community, we summed the dry weight of the four plant species, including the dry biomass of the individuals sampled for trait measurements.

Leaf traits, such as specific leaf area (SLA) and leaf dry matter content (LDMC), were measured on five leaves per individual (i.e., on the five individuals per species per EcoUnit). Plant individuals were cut at the soil surface, wrapped in moist paper, and stored in sealed plastic bags in the dark in a fridge (4°C) before being processed on the same day. Leaves that were sampled from the top to bottom of the plant, were then swabbed using paper towels to remove any surface water, and weighed (fresh mass; g), before being scanned with an Epson Perfection 11000XL Scanner (Epson America, Inc., CA, United States) at 600 dpi in grayscale. Leaves and the other biomass of individuals were then oven-dried at 60°C for at least 72 h and reweighed. Leaf areas were calculated using WinFOLIA software (Version: 2014a Pro; Regent Instruments Inc., Canada). SLA that is related to the relative growth rate of the plant and its investment into structural tissue and leaf lifespan (Cornelissen et al., 2003; Pérez-Harguindeguy et al., 2016), was calculated as the ratio of fresh leaf area to leaf dry mass (mm2 mg–1). LDMC was calculated as the ratio of leaf dry mass to leaf fresh mass (mg g–1) and is correlated with leaf toughness, resistance to physical hazards, digestibility, and resource-use strategy (Wilson et al., 1999; Cornelissen et al., 2003; Pérez-Harguindeguy et al., 2016). For further statistical analyses, we used the mean values per individual of SLA and LDMC.

Leaf carbon (C) and nitrogen (N) contents were measured on three individuals per species per EcoUnit. Leaf C concentration is related to plant photosynthetic rates and to the amount of structural tissues, while leaf N content is correlated with the N available in the environment and indicates the nutritional quality of the plant (Cornelissen et al., 2003; Pérez-Harguindeguy et al., 2016). Leaves of each individual used for SLA and LDMC measurements were pooled and dried (60°C for at least 72 h). Each pool was then ground individually, and around 1 mg of the ground material per sample was used to measure nutrient concentrations (% dry-leaf mass) and 15N signatures (atom ‰) using dry combustion with an elemental analyzer (Euro EA 3000, EuroVector S.p.A; Milano Italy) coupled to a Thermo Delta Vplus isotope ratio mass spectrometer (Thermo Fisher Scientific, Electron, Bremen, Germany).



Belowground Trait Measurements at the Species and Community Level

To sample community root traits, two soil cores (10 cm deep, Ø 5 cm) were taken in each half of the EcoUnits (taken at around 35 cm from the edge of the mesocosm), pooled, and sieved (2 mm mesh size). From this homogenized, sieved soil, 45 g were used for nutrient and microbial analyses (see “Abiotic and Biotic Soil Properties”); and the remaining soil was washed over a 63-μm sieve under tap water to collect the roots. Afterward, we discarded the dead roots (i.e., roots without flexibility, hollow, or black) and sorted the rest of them into coarse roots (Ø > 2mm) and fine roots (Ø < 2 mm). The biomass of the different types of roots was measured. Community fine-root trait measurements were performed on a sub-sample of about one eighth [on average 0.42 ± 0.12 g of fresh mass (mean ± sd)] representative of the pool of fine roots collected.

Root traits were measured on two of the five individuals per species sampled for leaf trait measurements. To obtain individual root traits, we dug up a soil cube (L × W × H: 10 × 10 × 10 cm) with the plant basal stem in the center, to excavate the most of the root system of the individual in a standardized way. The soil cubes of two samples from the species S. laeve in EcoUnit 1 had a height of around 7 cm, due to the loss of soil at the bottom part. They were included in the analyses as the root system is mainly located in the upper ∼10 cm of the soil, and these samples were not detected as outliers in further analyses. When not processed immediately, soil cubes with roots of plant individuals were stored in the dark in the fridge (4°C) before being processed (maximum 3 days after collection). Soil cubes were soaked in tap water. The soil was then washed over a sieve with a 1 mm mesh, and only roots connected to the base of the plant were collected for further analyses allowing us to confirm the identity of species. The same procedure as the one applied to community roots samples was applied to the roots of the collected individual. Then, from the fine roots sample of each individual, a representative sub-sample of about one eighth [on average 0.43 ± 0.43 g of fresh mass (mean ± sd)] was used to measure fine root traits. When too little root material was collected (which was mainly the case for the species S. laeve), we measured fine root traits using the whole pool of fine roots of the individual. Each sub-sample of the fresh fine roots at the community and individual level were scanned with an Epson Perfection 11000XL Scanner (Epson America, Inc., CA, United States) at 600 dpi in grayscale. After scanning, all root samples (coarse, fine, and fine roots scanned) were oven-dried at 60°C for at least 72 h and weighed. Root scans of the community and each individual were analyzed with WinRhizo (Version 2013e Pro, Regent Instruments Inc., Canada), and root traits were calculated for the community and individuals. We measured the root length (cm) at the individual level as well as the specific root length (i.e., the ratio of root length to dry mass of roots (m g–1)), root dry matter content (i.e., the ratio of root dry mass to root fresh mass (mg g–1)), average root diameter (mm), and root tissue density (i.e., root dry mass divided by fresh root volume; g cm–3) at the community level and on two individuals per species per EcoUnit.

The total root length of the individual that was used for further analyses, was calculated as the ratio of the total fresh mass of fine roots multiplied by the root length of the sub-sample and divided by the fresh mass of the sub-sample of fine roots. The shoot:root ratio of two individuals per species per EcoUnit was calculated using the sum of dried aboveground biomass (including leaf mass used for leaf traits measurements) divided by the sum of the dried biomass of all its respective root samples.



Abiotic and Biotic Soil Properties

From the 45 g of the homogenized and sieved soil used for root community trait measurement, sub-samples were used to measure soil nutrient content, microbial biomass and activity, as well as microbial community structure.

The carbon and nitrogen content (μg) was measured using 10 mg of dried soil (60°C for 72 h), analyzed by dry combustion with an elemental analyzer (Euro EA 3000, EuroVector S.p.A; Milano Italy) coupled to a Thermo Delta Vplus isotope ratio mass spectrometer (Thermo Fisher Scientific, Electron, Bremen, Germany).

We assessed basal respiration (μl O2 h–1 g–1 dry soil), microbial biomass (Cmic; μg C g–1 dry soil), and the microbial specific respiratory quotient (qO2; μl O2 μg–1 Cmic h–1). These soil microbial properties were measured with 6 g of fresh soil using an O2-microcompensation apparatus (Scheu, 1992). The microbial respiratory response was measured every hour during 24 h at 20°C. We measured the respiratory response to the addition of D-Glucose (22 mg per sample added in 1.5 ml deionized water) to calculate substrate-induced respiration. Microbial biomass was calculated from the maximum initial respiratory response, i.e., the lowest average respiratory response of three consecutive hourly measurements within the first 10 h after the first peak caused by the disturbance of the soil during preparation (Beck et al., 1997). The microbial specific respiratory quotient was calculated as the ratio of basal respiration to microbial biomass.

We assessed soil microbial community structure using phospholipid fatty acid composition as described in Frostegård et al. (1991). Briefly, lipids were extracted, fractionated, saponified, and methylated. Fatty acid methyl esters were then transferred into vials, capped, and stored at −20°C until analysis with a gas chromatograph (Clarus 680, Perkin Elmer, Waltham, MA, United States; flame ionization detector; capillary column SP-2560, 100 m × 0.25 mm i.d., 0.2 μm film thickness; carrier gas: helium). We identified fatty acid methyl esters comparing retention times of samples with standards and quantified them calculating phospholipid fatty acid abundances (in nmol g–1 dry weight). The entire set of phospholipid fatty acids was used in a multivariate approach to investigate microbial community structure including the biomarkers for Gram-positive bacteria (i15:0; a15:0; i16:0 and i17:0), Gram-negative bacteria (cy17:0), plants (18:1ω9), arbuscular mycorrhizal fungi (16:1ω5; in neutral lipid fraction), and fungi (18:2ω6).



Statistical Analyses

All statistical analyses and figures were performed and produced with R software version 3.6.3 (R Core Team, 2020), respectively.

Earthworm effects on the total biomass (above- and belowground) and cover of the community, as well as community root traits, were tested using linear models of the package “stats” with Type II F-tests from the package “car” (Fox and Weisber, 2019), with the earthworm treatment as factor and the tree biomass as a covariate. Tree biomass was included as a covariate in models due to its potential effect on plant biomass, cover, and traits via the competition for resources (e.g., light and soil nutrients), i.e., this was done to remove the variability in the plant trait values due to the competition with trees. The linear model with a Type II F-test showed that tree biomass was not significantly affected by the earthworm treatment [F(1,10) = 0.06 and p = 0.81], and the tree biomass effect on the plant traits was not further discussed. Variables measured at the species or individual level (i.e., species-specific biomass and cover, and functional traits) were tested using linear mixed-effects models with restricted maximum-likelihood (REML) estimates using the “lme4” package (Bates et al., 2014) and Type II Wald Chi-square tests from the package “car” (Fox and Weisber, 2019). The same model structure was used for the different variables: the fixed effects were the tree biomass, the earthworm treatment, the plant species identity, and the interaction of the latest, while the EcoUnit was specified as a random effect. The variance explained by the different linear mixed-effects models (i.e., Conditional R2, including fixed and random effects) was obtained using the “MuMIn” package (Barton, 2019). Model diagnostics were performed by visual inspection. When necessary, variables were log-transformed (log10) to meet the requirements of parametric tests, such as the species biomass, root dry matter content, and root tissue density at the community level, as well as the height, shoot:root ratio, specific leaf area, leaf dry matter content, number of ramets, leaf C:N ratio, root length, root diameter, and specific root length at the individual level. The total cover, species cover, and the proportion of flowering individuals were transformed prior analyses with the logit transformation from the package “car” (Fox and Weisber, 2019). One outlier corresponding to an extreme proportion of flowering individuals of 0.9 for the species B. ciliatus in the control treatment (i.e., a proportion around 9 times higher than the one in the other EcoUnits for the same species) was not included in the analysis. Pairwise comparisons with Holm correction were performed by species and by earthworm treatments, when interaction effects of earthworms and species identity were significant, using the package “emmeans” (Lenth et al., 2020).

The effects of earthworms on soil abiotic properties (i.e., carbon and nitrogen content, C:N ratio, and water content) and soil microbial activity (i.e., basal respiration, microbial biomass, microbial specific respiratory quotient) were analyzed using the independent samples t-test in case of homoscedasticity or Welch t-statistic in case of heteroscedasticity from the package “stats” (R Core Team, 2020). The effects of earthworms on fatty acid composition of the soil microbial community were analyzed in a multivariate analysis of variance (MANOVA) from the package “stats” (R Core Team, 2020). All figures were made with the package “ggplot2” (Wickham, 2016).



RESULTS


Plant Community and Species-Specific Cover and Biomass

The total cover of the herbaceous community, as well as its aboveground and belowground biomass were not significantly affected by earthworm presence [F(1,9) = 0.05, p = 0.82, Figure 1A; F(1,9) = 0.20, p = 0.67, Figure 1B and F(1,9) = 0.001, p = 0.97, Figure 1C, respectively, and Supplementary Material 3] and the biomass of the trees [F(1,9) = 0.44, p = 0.52; F(1,9) = 1.51, p = 0.25 and F(1,9) = 0.05, p = 0.82, respectively].
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FIGURE 1. Effect of earthworms on herbaceous community cover (A), aboveground (B), and belowground (C) biomass (mean ± sd). The p-values of the earthworm treatment are based on linear models. Number of observations per treatment: 6.


The species-specific cover and biomass depended on the species identity (Df = 3, χ2 = 53.95, p < 0.0001 and Df = 3, χ2 = 298.04, p < 0.0001, Figures 2A,B, respectively, and Supplementary Material 3), with a higher cover and biomass produced by the species A. millefolium and lower values for S. laeve. The two grasses species B. ciliatus and C. canadensis had an intermediate cover and biomass. The species-specific cover and biomass were independent from the presence of earthworms alone (Df = 1, χ2 = 0.004, p = 0.95 and Df = 1, χ2 = 0.29, p = 0.59, respectively), and in interaction with the species identity (respectively, Df = 3, χ2 = 0.51, p = 0.92 and Df = 3, χ2 = 0.94, p = 0.81), while the tree biomass slightly decreased the species biomass but not the species cover (Df = 1, χ2 = 2,88, p = 0.09 and Df = 1, χ2 = 0.71, p = 0.40, respectively).


[image: image]

FIGURE 2. Effect of earthworm presence on species-specific cover (A) and biomass (B). Estimated marginal means and confidence intervals are shown in black (after being back-transformed), while data points are included in the background in gray. The conditional R2 as well as the p-values for each factor are based on linear mixed effect models. Number of observations per species and treatment: 6.




Plant Functional Trait Responses at Species and Community Level

Among the aboveground traits studied, all of them depended on species identity and were negligibly affected by the tree biomass (Table 1 and Supplementary Material 3). Four out of the 15 above- and belowground traits measured were significantly affected by earthworm presence. Although earthworm presence did not affect the shoot:root ratio (Figure 3), nor the proportion of flowering individuals and number of ramets (Figure 4) and the nutrient content of the plants (Figure 5), it induced changes in the plant height, leaf (Figure 3) and roots traits (Figure 6).


TABLE 1. Summary of the models on the effects of earthworms on the different plant functional traits (χ2, p-value, and conditional or marginal R2 in the case of the number of ramets).
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FIGURE 3. Effect of earthworm presence on plant height (A), shoot:root ratio (B), specific leaf area (C), and leaf dry matter content (D). Estimated marginal means and confidence intervals are shown in black (after being back-transformed), while data points were included in the background in gray. The conditional R2 as well as the p-values for each factor are based on linear mixed effect models. When the interaction between earthworm treatment and species identity were significant, post hoc test results are also presented: different letters show significant differences among species within each earthworm treatment. Number of observations per species and treatment: 60 for height; 30 for SLA and LDMC, and 12 for the shoot:root ratio.
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FIGURE 4. Effect of earthworm presence on reproductive traits: number of ramets (A) and proportion of flowering individuals (B). Estimated marginal means and confidence intervals are shown in black (after being back-transformed), while data points were included in the background in gray. The conditional R2 or marginal R2 in the case of the number of ramets as well as the p-values for each factor are based on linear mixed effect models. Number of observations per species and treatment: 6, except for the proportion of flowering individuals of B. ciliatus in the control treatment, where there are five observations.
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FIGURE 5. Effect of earthworm presence on leaf carbon (A) and nitrogen (B) content as well as their C/N ratio (C) and δ15N signature (D). Estimated marginal means and confidence intervals are shown in black (after being back-transformed), while data points were included in the background in gray. The conditional R2 as well as the p-values for each factor are based on linear mixed effect models. When the interaction between earthworm treatment and species identity were significant, post hoc test results are also presented: different letters show significant differences among species within each earthworm treatment. Number of observations per species and treatment: 18, except for S. leave in the control treatment, where there are 17 observations.
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FIGURE 6. Effect of earthworm presence on root length (A), root diameter (B), root dry matter content (C), root tissue density (D), and specific root length (E). Estimated marginal means and confidence intervals are shown in black (after being back-transformed), while data points were included in the background in gray. The conditional R2 as well as the p-values for each factor are based on linear mixed effect models. When the interaction between earthworm treatment and species identity were significant, post hoc test results are also presented: different letters show significant differences among species within each earthworm treatment. Number of observations per species and treatment: 12.


Earthworm effects on plant height depended on the species identity as shown by the significant interaction between plant species identity and earthworm treatment (p = 0.04, Table 1 and Figure 3). Plant height was also negatively affected by tree biomass, especially for the species S. laeve and C. canadensis (Supplementary Material 4). Overall, the height of B. ciliatus (mean ± sd: 40.78 ± 17.58 cm) and C. canadensis (mean ± sd: 39.92 ± 20.53 cm) were more than twice higher than the one of A. millefolium (mean ± sd: 17.64 ± 6.95 cm) and S. laeve (mean ± sd: 5.97 ± 3.93 cm). Bromus ciliatus and C. canadensis showed different heights in the control treatment, but this difference disappeared in the presence of earthworms (Figure 3 and Supplementary Material 5), where we observed on average an increase in C. canadensis’ height of around 7 cm and a decrease in B. ciliatus’ height of around 5 cm.

Leaf trait values (i.e., specific leaf area and leaf dry matter content) depended also on the interaction between species identity and the presence of earthworms, although this interaction was only marginally significant for leaf dry matter content (p = 0.04 and p = 0.10, respectively; Figure 3). Although the two grass species showed similar SLA and LDMC in the control treatment, they differed in the presence of earthworms (Supplementary Material 5): B. ciliatus showed a higher specific leaf area (+ 13.3%) and a lower leaf dry matter content (−8.8%) in the presence of earthworms than in the control treatment, while these traits responded contrarily in C. canadensis (−10.2% and +2.1%, respectively). The two herbs species S. laeve and A. millefolium differed in their specific leaf area and leaf dry matter content, independent of the earthworm treatment.

Leaf carbon and nitrogen content and the leaf C:N ratio did not change in response to the earthworm treatments and the interaction between species identity and earthworm treatments, but varied across species (Table 1 and Figure 5). The lowest carbon and nitrogen content were measured in A. millefolium and B. ciliatus, respectively. Bromus ciliatus showed the highest C:N ratio, while S. laeve had the lowest. Tree biomass tended to increase leaf nitrogen content (p = 0.06), but tended to decrease the C:N ratio (p = 0.08), while it did not affect the carbon content (p = 0.69, Table 1). However, the δ15N signature in plants depended on the interaction between earthworm presence and species identity (p = 0.014, Figure 5 and Table 1). Overall, we observed a decrease of the δ15N signature in plant tissues when earthworms were present (−9.6%, p = 0.04, Table 1). However, this effect was mainly observed for the species A. millefolium (−21.5%, p = 0.001, Supplementary Material 5).

Regarding the root traits, the root average diameter, root dry matter content, root tissue density, and specific root length at the community level did not vary significantly according to the earthworm treatment [F(1,9) = 0.49, p = 0.50; F(1,9) = 0.46, p = 0.51; F(1,9) = 0.0002, p = 0.98 and F(1,9) = 0.65, p = 0.44, respectively]. However, the root tissue density of the community decreased with an increase of the tree biomass [F(1,9) = 5.50, p = 0.04], while the specific root length was marginally positively affected by tree biomass [F(1,9) = 3.52, p = 0.09].

At the species level, root traits varied across species and changed with tree biomass. On average, the species S. laeve showed a larger diameter and a higher root dry matter content than A. millefolium, B. ciliatus, and C. canadensis. The lowest values of these three traits were measured on the species C. canadensis, as well as A. millefolium regarding the dry matter content. Achillea millefolium, B. ciliatus, and C. canadensis showed similar root tissue density, but this trait was higher in S. laeve, although it did not significantly differ from the one of B. ciliatus. Calamagrostis canadensis showed the highest values of specific root length, while the lowest were measured on S. laeve. Achillea millefolium and B. ciliatus showed similar intermediate values of specific root length. Higher tree biomass also decreased the root tissue density (p = 0.008) at the species level except for the species B. ciliatus, and overall the root dry matter content (p = 0.03) of the different species (Supplementary Material 4).

The total root length differed between species (p < 0.0001, Table 1 and Figure 6) with S. laeve showing on average the lowest and C. canadensis the highest. Although we found little evidence of earthworm effects on the root traits, the total root length was affected by the interaction between earthworm and species identity (p = 0.01, Figure 6). The total length of the root produced by C. canadensis was significantly lower in the presence of earthworms than in their absence (Figure 6 and Supplementary Material 4). Furthermore, without earthworms, the total length of the roots produced by C. canadensis was significantly higher than the one from A. millefolium and B. ciliatus, while the species S. laeve showed a total length lower than the three other species. However, the difference between the grass species was weakest in the presence of earthworms (Figure 6 and Supplementary Material 5): the root length of C. canadensis decreased (−44.3%) until reaching a similar root length to the one of B. ciliatus and A. millefolium.



Earthworm Effects on Soil Abiotic Parameters and Microbes

As earthworm effects on plants could be mediated via changes in soil abiotic and biotic conditions, we explored soil nutrient concentrations and microbial properties. Overall, t-test results showed that the presence of earthworms did not affect soil basal respiration (Df = 10; t = 0; p = 1), microbial biomass (Df = 10; t = −0.34; p = 0.74), microbial specific respiratory quotient (Df = 10; t = 1.17; p = 0.27), water content (Df = 10; t = 0.59; p = 0.57), and nutrient content (Carbon: Df = 10; t = −0.11; p = 0.92; Nitrogen: Df = 10; t = −0.54; p = 0.60 and C/N ratio: Df = 10; t = 0.88; p = 0.40). The microbial community structure was also not significantly affected by the presence of earthworms (Df = 1; F = 1.48; p = 0.41).



DISCUSSION


Plant Community and Trait Responses to Earthworm Presence

Although earthworms did not induce significant changes in plant cover and biomass, both at the community- and species-level (hypothesis i), they influenced some of the assessed plant functional traits. More specifically, four out of the fifteen above- and belowground traits were significantly affected by the interaction between earthworm presence and plant species identity. These plant species- and trait-specific responses to earthworm presence are subtle but may alter competitive interactions between plant species and should thus be further explored as potential mechanism underlying widely observed plant community changes in response to earthworm invasion (e.g., Hale et al., 2008; Craven et al., 2017).

Several studies have shown that exotic and native earthworms stimulate the productivity of different plant species and communities; but also neutral effects were observed (Scheu and Parkinson, 1994; Scheu, 2003; Dávalos et al., 2013; van Groenigen et al., 2014). Mechanisms/pathways involving plant functional traits behind these inconsistent results are not well known, but a meta-analysis showed that native earthworm effects become weak to non-significant the more fertile the soil is and with a high proportion of sand in the soil (van Groenigen et al., 2014). However, so far, few studies showed a modification of plant functional traits other than biomass-related traits with native or exotic earthworm presence (e.g., Wurst et al., 2003; Hale et al., 2008; Eisenhauer et al., 2009a; Laossi et al., 2009; Dávalos et al., 2013, 2015; Cameron et al., 2014; Dobson et al., 2017; Agapit et al., 2018; Blume-Werry et al., 2020; Liu et al., 2020).

With four of the studied traits that responded significantly to earthworms presence, our study partly confirmed our hypothesis that earthworms affect the traits related to plant resource uptake and development (hypothesis ii). Aboveground traits, such as the vegetative height, specific leaf area, and leaf dry matter content responded to earthworm presence, although the responses were plant species-specific (hypothesis iii). This study thus confirms results from previous studies that earthworms can impact plant height (Haimi and Einbork, 1992; Eisenhauer et al., 2009b; Dávalos et al., 2013, 2015; Agapit et al., 2018) and demonstrates that earthworms could affect plant resource acquisition and competitive abilities by inducing changes in leaf traits, which have not been previously described. However, we did not observe any significant effect of earthworm presence on the reproductive plant traits (i.e., the proportion of flowering individuals and number of ramets). Diverse results were observed in previous studies. For example, Dávalos et al. (2013) also showed that the probability of flowering was not affected by exotic earthworms, while the number of culms produced by sedges decreased. By contrast, Blume-Werry et al. (2020) showed positive and neutral effects of exotic earthworm presence on the production of floral shoots by native plants, while Zaller and Arnone (1999) measured a higher number of ramets produced by native plant species close to native earthworm casts. Similar to plant biomass responses, earthworm effects on reproductive plant traits may vary with the abiotic and biotic context though. For instance, Eisenhauer and Scheu (2008) observed neutral effects of native earthworms on the number of legume flower heads in the absence of grasses, while earthworms reduced their number in the presence of grasses by fostering the competitive strength of grasses against legumes. Other biotic factors such as the composition and diversity of the earthworm community (e.g., Hale, 2004; Craven et al., 2017) could also have differently affected the trait responses of the plant species studied.

In the present study, earthworms did not enhance the N content of the plant species, which is in line with some previous studies with native earthworms (Wurst et al., 2005) and a meta-analysis (van Groenigen et al., 2014), but is in contrast to some others showing that earthworms increase nitrogen concentrations in grass shoots (Wurst et al., 2005; Eisenhauer and Scheu, 2008). An increase in leaf tissue nitrogen concentrations could also have been expected, as earthworm activity (e.g., enhanced nitrogen mineralization) and also dead/decomposing earthworms would increase plant-available nitrogen (Barois et al., 1999; Kim et al., 2017; Kos et al., 2017). The lack of change in leaf nutrient content may be linked to the few changes in root traits between earthworm treatments, as roots have an important role in nutrient uptake and transfer to aboveground organs (Oaks and Hirel, 1985; Eissenstat, 1992; Bloom et al., 2003; Brown et al., 2004; Peel, 2013). Surprisingly, although earthworms are known to decrease the spatial homogeneity of soil resource distribution (Shuster et al., 2001), we did not observe a strong modification of the plant belowground traits at the species and community level, which differed from what was shown in previous studies. Blume-Werry et al. (2020) showed that fine root growth of the plant community was higher in the presence of exotic earthworms in meadows after 55 days and after 103 days of experiment independent of the vegetation type (meadows vs. heath, with plant communities mainly composed of forbs or shrubs, respectively, and grasses) than in the absence of earthworms. Cameron et al. (2014) showed that the proportion of A. millefolium roots present in exotic earthworms burrows was important during the first month of growth, but root growth in soil cracks became similarly important after 2 and 3 months. These authors also observed an opposite pattern for the root distribution of Campanula rotundifolia: although its root occurrence was similar in cracks and burrows after 1 month of experiment, it decreased in exotic earthworm burrows after 2 and 3 months (Cameron et al., 2014). Thus, the minor responses of root traits to earthworms observed in the present study could be explained by potential transient effects, which may also be plant species-specific due to differences in the growth rate and growth strategy. Thus, root trait changes induced by earthworms could have taken place at earlier stages of plant growth, with a difference between treatments being less pronounced after 3 months of experiment. Future studies may thus explore potential temporal dynamics of earthworm effects on plant traits. Another explanation for minor root trait responses could be that soil nutrients (e.g., nitrogen) were not limiting enough to induce different responses of the root traits between the two treatments. Thus, plants which could preferentially forage in the burrows of earthworms would not take any advantage of doing this against plants that would not express this behavior, and thus that earthworm effects on root foraging in burrows would be more visible under limiting soil nutrient levels (van Groenigen et al., 2014). This could also explain why we did not observe any significant changes in the nutrient content and microbial community properties in the upper soil layer in response to earthworms, which is in contrast to previous meta-analyses (Ferlian et al., 2018, 2020). Invasive earthworms were shown to have opposing effects on organic and mineral soil layers for carbon and nitrogen concentrations (Ferlian et al., 2020), and their effects on soil microorganisms were neutral when the different soil layers were pooled (Ferlian et al., 2018). Although we cannot exclude that the duration of the experiment may have been too short to observe the effect of earthworms in the large volume of soil (∼1 m3), the analysis of soil properties across all soil layers could also have masked the effect of earthworms on the nutrient content and microbial community properties.

Other root traits could also be investigated in further studies. Mycorrhizal associations deserve some attention, as they play a key role in plant development and nutrient acquisition and were shown to be significantly affected by invasive earthworms (Lawrence et al., 2003; Paudel et al., 2016). The abilities of plants to spread their root system laterally or their rooting depth may also have some importance in the belowground plant response to earthworm presence (Eisenhauer et al., 2012b). Species with a higher density of roots in the upper soil layer or a strong lateral spread of their roots might take advantage of being closer to earthworm casts and middens at the soil surface that are known to affect plant growth. For example, studies showed that the proximity of the plant to native earthworm casts enhanced plant growth and ramet production (Zaller and Arnone, 1999), which could be explained by the presence of hormone-like molecules regulating plant growth in earthworm casts (Brown et al., 2004; Puga-Freitas et al., 2012).



More Pronounced Responses of Grasses Than of Herbs to Earthworm Presence

Our study demonstrated that earthworm effects on plant functional traits were plant species-specific. Although we only tested two grass and two herb species in the present study, earthworm effects tended to be stronger in grasses than in herbs (hypothesis iii). The more pronounced response of grasses to earthworm presence can be explained by their rapid growth and their high resource competition abilities under high resource conditions (Linder et al., 2018), such as those observed under earthworms presence (Eisenhauer and Scheu, 2008).

Interestingly, however, the two grass species studied showed opposite responses to earthworms. Earthworms induced an increase of C. canadensis height and leaf dry matter content, while it decreased its specific leaf area and total root length. A possible explanation for this result is a change in C. canadensis’ growth strategy due to the potential changes in the spatial distribution of soil nutrients resulting from earthworm activity. More precisely, C. canadensis could have shifted its biomass allocation from root production toward apical growth and more structural/less flimsy tissues, rather than into the lateral spread (i.e., ramet production) or reproduction (i.e., flower production) that did not change with earthworm presence. However, although this species showed a high leaf 15N signature that was not affected by earthworm presence, its leaf 15N signature was slightly positively correlated to the height in earthworm presence only (Supplementary Material 6), which suggests that C. canadensis could take advantage of the nutrients coming from the litter decomposed by earthworms or found in their casts. This result is also corroborated by the leaf 15N signature of this species, which was negatively correlated to its specific root length. The increase of the leaf 15N signature when the cost of constructing roots decreased and root systems were less developed (i.e., low SRL) suggests that C. canadensis could preferentially forage in the nutrient-rich burrows or casts of earthworms. Notably, although we did not observe any significant earthworm effects on soil N content at the end of the study, this gross measurement would not be able to reflect the concentrations of plant-available ammonium and nitrate as well as potential temporal or spatial differences in nutrient availability in response to earthworm activity.

In contrast to C. canadensis, B. ciliatus showed a higher specific leaf area and a lower leaf dry matter content in the presence of earthworms, while its height, ramet, and flower production, and root traits were unaffected by earthworms. This species probably directed its resources toward the production of a more costly and dense root system (i.e., with a higher root diameter, dry matter content, and tissue density) instead of favoring its aboveground growth or investing into reproduction. This shift of resource allocation to the root system was emphasized in presence of earthworms where plant height and shoot:root ratio were significantly correlated with root dry matter content and root tissue density (Supplementary Material 6). Furthermore, we did not observe any significant correlation between the δ15N signature of B. ciliatus and its height or its shoot:root ratio nor any other traits in the presence of earthworms (Supplementary Material 6). To sum up, our results indicate that B. ciliatus did not preferentially forage in earthworm burrows or casts, and that its development and thus changes of leaf traits were rather independent of nutrients coming from the litter decomposed by earthworms or their casts. This result is in line with the observation made by Zaller and Arnone (1999), who did not observe any significant relationship between native earthworm activity (i.e., surface cast production) and the growth (i.e., production of ramets) of the native congeneric species B. erectus. Thus, grasses were shown to respond differently to the presence of earthworms, even if both showed stronger responses than herbs in the present study.

Indeed, among the measured traits, only the δ15N signature in A. millefolium was significantly affected by earthworm presence. However, the two herbs species studied showed opposite responses to earthworm presence. While we observed a strong decrease of the δ15N signature in leaves of A. millefolium when earthworms were present, this value was not correlated to any of the other traits studied (Supplementary Material 6). As A. millefolium has been reported to preferentially forage in exotic earthworms burrows (Cameron et al., 2014), we would have expected to observe an effect of earthworms on various root traits as well as significant correlations between these root traits (i.e., SRL) and the δ15N signature in leaves when earthworms were present. Our results were thus unexpected and could potentially be related to the fact that exotic earthworms can also increase the leaching of soil nutrients through their burrows that function as preferential flow pathways of soil surface water (Ferlian et al., 2020). This phenomenon is particularly pronounced for the vertical burrows of anecic earthworms like L. terrestris that dominated the earthworm community in the present study.

In contrast to A. millefolium, the development of S. laeve was correlated to its root traits. This species overall invested more of its resources into the production of belowground costly tissue, such as roots with large root diameter and high dry matter content, than in its aboveground development. This response was found to be most accentuated in the presence of earthworms as indicated by the positive correlation between the δ15N signature with the root diameter of S. laeve in the presence of earthworms, as well as by the negative correlation of the δ15N signature with its ramet production, and the non-significant although marginally positive correlation with its height (Supplementary Material 6). Furthermore, the negative correlation between δ15N signature in S. laeve in the presence of earthworms and its specific root length also suggests that this species could preferentially forage in the nutrient-rich burrows or casts of earthworms. However, the consequences of this strategy in response to earthworms remain to be investigated in long-term studies and under natural field conditions.



CONCLUSION

Our study provides novel insights into the trait responses of different plant species under earthworm invasion and indicates that these changes of plant strategies are not necessarily mediated by the effects of earthworms on gross soil abiotic properties and on the soil microbial activity or community structure. These results advance our understanding of the mechanisms behind plant community changes in response to earthworm invasion. Plant responses to earthworms were species-specific, and the development strategies of grass species were observed to be more likely affected by earthworm presence than that of herbs. However, even if the grass species responded faster to earthworm presence, herb responses to invasive earthworms may only be pronounced with time, calling for long-term studies. Indeed, the slow development due to the high costs of tissue production in slower-growing species may have masked potential beneficial effects of earthworms on their development in our experiment, which may have been too short to reflect potential beneficial effects.

Nevertheless, our results suggest that by modifying some plant strategies, earthworms could potentially change the outcome of interspecific competition between plants in the longer term and may lead to a shift in plant species and functional group dominance in the plant community, as commonly observed in field studies on plant community responses to earthworm invasion (e.g., Craven et al., 2017). Thus, the strong adaptability and trait responses of the grass species to earthworm presence could explain why grasses commonly benefit in the early stages of earthworm invasion and the associated plant community changes (Craven et al., 2017). However, the potential long-term effects of earthworms on plant traits and strategies remain to be investigated, as we showed that earthworms may also have beneficial effects on the resource uptake strategies of some herb species. Furthermore, the observed opposite patterns of response within each of the two plant functional groups in the presence of earthworms, suggest that the use of plant functional groups to characterize the consequences and mechanisms of earthworm invasion for plant community composition may mask some important differences and that approaches at the species level should be preferred in future long-term studies. Although with four plant species, we were unable to rigorously test this concept in the present work, the plant economics spectrum (Reich, 2014) may provide a powerful conceptual backbone to guide hypotheses of future research on invasive earthworm effects on native plant species’ strategies and communities.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: iDiv Data Repository and https://doi.org/10.25829/idiv.1918-3-3293.



AUTHOR CONTRIBUTIONS

LT, MT, MPT, and NE conceived the study. LT, MT, TK, OF, and MPT set-up the study. LT, TK, MT, OF, and AL contributed to the data collection and processing. LT and OF analyzed the data with substantial inputs from RB. LT wrote the manuscript with substantial inputs from NE and OF. All authors contributed to the article and approved the submitted version.



FUNDING

This project was financially supported by the European Research Council (ERC) under the European Union’s Horizon 2020 Research and Innovation Program (grant agreement no. 677232 to NE). NE and LT acknowledge funding from the German Research Foundation (DFG Ei 862/18-1). All authors gratefully acknowledge the support of the German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, funded by the German Research Foundation (DFG– FZT 118, 202548816).



ACKNOWLEDGMENTS

We acknowledge Stefan Scheu for providing the 15N labeled poplar litter. We thank Alexandra Weigelt and Hongmei Chen for providing information on and helping us with root trait measurements. We are also grateful to Oliver Bednorz, Georg Mathias, and Alban Gebler for their support during the experiment, as well as to Anja Zeuner, Ulrich Pruschitzki, Alla Kavtea, Till Newiger-Dous, Lisa Ertel, Juliane Bormann, and Manuela von Malotki for their help during the harvest of the experiment and practical support. We are also grateful to the associate editor and the reviewers for their constructive comments that helped us to improve the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.627573/full#supplementary-material



REFERENCES

Agapit, C., Gigon, A., Puga-Freitas, R., Zeller, B., and Blouin, M. (2018). Plant-earthworm interactions: influence of age and proportion of casts in the soil on plant growth, morphology and nitrogen uptake. Plant Soil 424, 49–61. doi: 10.1007/s11104-017-3544-y

Andriuzzi, W. S., Schmidt, O., Brussaard, L., Faber, J. H., and Bolger, T. (2016). Earthworm functional traits and interspecific interactions affect plant nitrogen acquisition and primary production. Appl. Soil Ecol. 104, 148–156. doi: 10.1016/j.apsoil.2015.09.006

Barois, I., Lavelle, P., Brossard, M., Tondoh, J., Angeles Martinez, M., Rossi, J., et al. (1999). “Ecology of earthworm species with large environmental tolerance and/or extended distributions,” in Earthworm Management in Tropical Agroecosystems, eds P. Lavelle, L. Brussaard, and P. F. Hendrix (Wallingford, UK: CAB International, 57–85.

Barton, K. (2019). MuMIn: Multi-Model Inference. R package version 1.43.15.

Bates, D., Mächler, M., Bolker, B., and Walker, S. (2014). Fitting linear mixed-effects models using lme4. arXiv [Preprint], Available online at: http://arxiv.org/abs/1406.5823 (accessed April 3, 2020).

Beck, T., Joergensen, R. G., Kandeler, E., Makeschin, F., Nuss, E., Oberholzer, H. R., et al. (1997). An inter-laboratory comparison of ten different ways of measuring soil microbial biomass C. Soil Biol. Biochem. 29, 1023–1032. doi: 10.1016/S0038-0717(97)00030-8

Bloom, A. J., Chapin, F. S., and Mooney, H. A. (2003). Resource limitation in plants-an economic analogy. Annu. Rev. Ecol. Syst. 16, 363–392. doi: 10.1146/annurev.es.16.110185.002051

Blume-Werry, G., Krab, E. J., Olofsson, J., Sundqvist, M. K., Väisänen, M., and Klaminder, J. (2020). Invasive earthworms unlock arctic plant nitrogen limitation. Nat. Commun. 11, 1–10. doi: 10.1038/s41467-020-15568-3

Bohlen, P. J., Scheu, S., Hale, C. M., McLean, M. A., Migge, S., Groffman, P. M., et al. (2004). Non-native invasive earthworms as agents of change in northern temperate forests. Front. Ecol. Environ. 2, 427–435. doi: 10.1890/1540-92952004002[0427:NIEAAO]2.0.CO;2

Brown, G. G., Edwards, C. A., and Brussaard, L. (2004). How earthworms affect plant growth: burrowing into the mechanisms. Earthw. Ecol. 2, 13–49. doi: 10.1201/9781420039719.ch2

Cameron, E. K., Cahill, J. F., and Bayne, E. M. (2014). Root foraging influences plant growth responses to earthworm foraging. PLoS One 9:e108873. doi: 10.1371/journal.pone.0108873

Cassin, C. M., and Kotanen, P. M. (2016). Invasive earthworms as seed predators of temperate forest plants. Biol. Invas. 18, 1567–1580. doi: 10.1007/s10530-016-1101-x

Chan, K.-Y., and Munro, K. (2001). Evaluating mustard extracts for earthworm sampling. Pedobiologia 45, 272–278. doi: 10.1078/0031-4056-00084

Clause, J., Forey, E., Eisenhauer, N., Seal, C. E., Soudey, A., Colville, L., et al. (2017). Seed selection by earthworms: chemical seed properties matter more than morphological traits. Plant Soil 413, 97–110. doi: 10.1007/s11104-016-3085-9

Clause, J., Forey, E., Lortie, C. J., Lambert, A. M., and Barot, S. (2015). Non-native earthworms promote plant invasion by ingesting seeds and modifying soil properties. Acta Oecol. 64, 10–20. doi: 10.1016/j.actao.2015.02.004

Clause, J., Margerie, P., Langlois, E., Decaëns, T., and Forey, E. (2011). Fat but slim: criteria of seed attractiveness for earthworms. Pedobiologia 54, S159–S165. doi: 10.1016/j.pedobi.2011.08.007

Cornelissen, J. H. C., Lavorel, S., Garnier, E., Díaz, S., Buchmann, N., Gurvich, D. E., et al. (2003). A handbook of protocols for standardised and easy measurement of plant functional traits worldwide. Aust. J. Bot. 51:335. doi: 10.1071/BT02124

Coulis, M., Bernard, L., Gérard, F., Hinsinger, P., Plassard, C., Villeneuve, M., et al. (2014). Endogeic earthworms modify soil phosphorus, plant growth and interactions in a legume-cereal intercrop. Plant Soil 379, 149–160. doi: 10.1007/s11104-014-2046-4

Craine, J. M. (2009). Resource Strategies of Wild Plants. London: Princeton University Press.

Craven, D., Thakur, M. P., Cameron, E. K., Frelich, L. E., Beauséjour, R., Blair, R. B., et al. (2017). The unseen invaders: introduced earthworms as drivers of change in plant communities in North American forests (a meta-analysis). Glob. Change Biol. 23, 1065–1074. doi: 10.1111/gcb.13446

Dávalos, A., Nuzzo, V., and Blossey, B. (2015). Single and interactive effects of deer and earthworms on non-native plants. For. Ecol. Manag. 351, 28–35. doi: 10.1016/j.foreco.2015.04.026

Dávalos, A., Nuzzo, V., Stark, J., and Blossey, B. (2013). Unexpected earthworm effects on forest understory plants. BMC Ecol. 13:48. doi: 10.1186/1472-6785-13-48

Davis, M. A. (2009). Invasion Biology. New York: Oxford University Press.

Díaz, S., Settele, J., Brondízio, E. S., Ngo, H. T., Agard, J., Arneth, A., et al. (2019). Pervasive human-driven decline of life on Earth points to the need for transformative change. Science 366:eaax3100. doi: 10.1126/science.aax3100

Dobson, A., and Blossey, B. (2015). Earthworm invasion, white-tailed deer and seedling establishment in deciduous forests of north-eastern North America. J. Ecol. 103, 153–164. doi: 10.1111/1365-2745.12350

Dobson, A. M., Blossey, B., and Richardson, J. B. (2017). Invasive earthworms change nutrient availability and uptake by forest understory plants. Plant Soil 421, 175–190. doi: 10.1007/s11104-017-3412-9

Donovan, L. A., Maherali, H., Caruso, C. M., Huber, H., and de Kroon, H. (2011). The evolution of the worldwide leaf economics spectrum. Trends Ecol. Evol. 26, 88–95. doi: 10.1016/j.tree.2010.11.011

Drouin, M., Bradley, R., and Lapointe, L. (2016). Linkage between exotic earthworms, understory vegetation and soil properties in sugar maple forests. For. Ecol. Manag. 364, 113–121. doi: 10.1016/j.foreco.2016.01.010

Eisenhauer, N. (2010). The action of an animal ecosystem engineer: identification of the main mechanisms of earthworm impacts on soil microarthropods. Pedobiologia 53, 343–352. doi: 10.1016/j.pedobi.2010.04.003

Eisenhauer, N., Fisichelli, N. A., Frelich, L. E., and Reich, P. B. (2012a). Interactive effects of global warming and ‘global worming’ on the initial establishment of native and exotic herbaceous plant species. Oikos 121, 1121–1133. doi: 10.1111/j.1600-0706.2011.19807.x

Eisenhauer, N., Reich, P. B., and Isbell, F. (2012b). Decomposer diversity and identity influence plant diversity effects on ecosystem functioning. Ecology 93, 2227–2240. doi: 10.1890/11-2266.1

Eisenhauer, N., König, S., Sabais, A. C. W., Renker, C., Buscot, F., and Scheu, S. (2009a). Impacts of earthworms and Arbuscular mycorrhizal fungi (Glomus intraradices) on plant performance are not interrelated. Soil Biol. Biochem. 41, 561–567. doi: 10.1016/j.soilbio.2008.12.017

Eisenhauer, N., Milcu, A., Sabais, A. C. W., and Scheu, S. (2009b). Earthworms enhance plant regrowth in a grassland plant diversity gradient. Eur. J. Soil Biol. 45, 455–458. doi: 10.1016/j.ejsobi.2009.06.001

Eisenhauer, N., Schuy, M., Butenschoen, O., and Scheu, S. (2009c). Direct and indirect effects of endogeic earthworms on plant seeds. Pedobiologia 52, 151–162. doi: 10.1016/j.pedobi.2008.07.002

Eisenhauer, N., Straube, D., Johnson, E. A., Parkinson, D., and Scheu, S. (2009d). Exotic ecosystem engineers change the emergence of plants from the seed bank of a deciduous forest. Ecosystems 12, 1008–1016. doi: 10.1007/s10021-009-9275-z

Eisenhauer, N., Partsch, S., Parkinson, D., and Scheu, S. (2007). Invasion of a deciduous forest by earthworms: changes in soil chemistry, microflora, microarthropods and vegetation. Soil Biol. Biochem. 39, 1099–1110. doi: 10.1016/j.soilbio.2006.12.019

Eisenhauer, N., and Scheu, S. (2008). Earthworms as drivers of the competition between grasses and legumes. Soil Biol. Biochem. 40, 2650–2659. doi: 10.1016/j.soilbio.2008.07.010

Eisenhauer, N., Schlaghamerskı, J., Reich, P. B., and Frelich, L. E. (2011). The wave towards a new steady state: effects of earthworm invasion on soil microbial functions. Biol. Invas. 13:2191. doi: 10.1007/s10530-011-0053-4

Eisenhauer, N., Straube, D., and Scheu, S. (2008). Efficiency of two widespread non-destructive extraction methods under dry soil conditions for different ecological earthworm groups. Eur. J. Soil Biol. 44, 141–145. doi: 10.1016/j.ejsobi.2007.10.002

Eisenhauer, N., and Türke, M. (2018). From climate chambers to biodiversity chambers. Front. Ecol. Environ. 16, 136–137. doi: 10.1002/fee.1784

Eissenstat, D. M. (1992). Costs and benefits of constructing roots of small diameter. J. Plant Nutr. 15, 763–782. doi: 10.1080/01904169209364361

Ferlian, O., Eisenhauer, N., Aguirrebengoa, M., Camara, M., Ramirez-Rojas, I., Santos, F., et al. (2018). Invasive earthworms erode soil biodiversity: a meta-analysis. J. Anim. Ecol. 87, 162–172. doi: 10.1111/1365-2656.12746

Ferlian, O., Thakur, M. P., González, A. C., Emeterio, L. M. S., Marr, S., Rocha, B., et al. (2020). Soil chemistry turned upside down: a meta-analysis of invasive earthworm effects on soil chemical properties. Ecology 101:e02936. doi: 10.1002/ecy.2936

Fox, J., and Weisber, S. (2019). An {R} Companion to Applied Regression, 3rd Edn, Thousand Oaks CA: Sage.

Frelich, L. E., Blossey, B., Cameron, E. K., Dávalos, A., Eisenhauer, N., Fahey, T., et al. (2019). Side-swiped: ecological cascades emanating from earthworm invasions. Front. Ecol. Environ. 17, 502–510. doi: 10.1002/fee.2099

Frelich, L. E., Peterson, R. O., Dovèiak, M., Reich, P. B., Vucetich, J. A., and Eisenhauer, N. (2012). Trophic cascades, invasive species and body-size hierarchies interactively modulate climate change responses of ecotonal temperate-boreal forest. Philos. Trans. R. Soc. B 367, 2955–2961. doi: 10.1098/rstb.2012.0235

Frostegård, Å, Tunlid, A., and Bååth, E. (1991). Microbial biomass measured as total lipid phosphate in soils of different organic content. J. Microbiol. Methods 14, 151–163. doi: 10.1016/0167-7012(91)90018-L

Gutiérrez-López, M., Moreno, G., Trigo, D., Juárez, E., Jesús, J. B., and Cosín, D. J. D. (2016). The efficiency of earthworm extraction methods is determined by species and soil properties in the Mediterranean communities of Central-Western Spain. Eur. J. Soil Biol. 73, 59–68. doi: 10.1016/j.ejsobi.2016.01.005

Haimi, J., and Einbork, M. (1992). Effects of endogeic earthworms on soil processes and plant growth in coniferous forest soil. Biol. Fertil. Soils 13, 6–10. doi: 10.1007/bf00337230

Hale, C. M. (2004). Ecological Consequences of Exotic Invaders: Interactions Involving European Earthworms and Native Plant Communities in Hardwood Forests. Ph. D thesis, National Science Foundation, Alexandria.

Hale, C. M., Frelich, L. E., and Reich, P. B. (2006). Changes in hardwood forest understory plant communities in response to european earthworm invasions. Ecology 87, 1637–1649. doi: 10.1890/0012-9658(2006)87[1637:cihfup]2.0.co;2

Hale, C. M., Frelich, L. E., Reich, P. B., and Pastor, J. (2008). Exotic earthworm effects on hardwood forest floor, nutrient availability and native plants: a mesocosm study. Oecologia 155, 509–518. doi: 10.1007/s00442-007-0925-6

Hendrix, P. F., Callaham, M. A., Drake, J. M., Huang, C.-Y., James, S. W., Snyder, B. A., et al. (2008). Pandora’s box contained bait: the global problem of introduced earthworms. Annu. Rev. Ecol. Evol. Syst. 39, 593–613. doi: 10.1146/annurev.ecolsys.39.110707.173426

Hopfensperger, K. N., Leighton, G. M., and Fahey, T. J. (2011). Influence of invasive earthworms on above and belowground vegetation in a northern hardwood forest. Am. Midland Natural. 166, 53–62. doi: 10.1674/0003-0031-166.1.53

James, S. W., and Hendrix, P. F. (2004). Invasion of exotic earthworms into North America and other regions. Earthw. Ecol. 441, 75–88. doi: 10.1201/9781420039719.ch5

Kim, Y.-N., Robinson, B., Lee, K.-A., Boyer, S., and Dickinson, N. (2017). Interactions between earthworm burrowing, growth of a leguminous shrub and nitrogen cycling in a former agricultural soil. Appl. Soil Ecol. 110, 79–87. doi: 10.1016/j.apsoil.2016.10.011

Kos, M., Jing, J., Keesmaat, I., Declerck, S. A. J., Wagenaar, R., and Bezemer, T. M. (2017). After-life effects: living and dead invertebrates differentially affect plants and their associated above- and belowground multitrophic communities. Oikos 126, 888–899. doi: 10.1111/oik.03734

Kreuzer, K., Bonkowski, M., Langel, R., and Scheu, S. (2004). Decomposer animals (Lumbricidae, Collembola) and organic matter distribution affect the performance of Lolium perenne (Poaceae) and Trifolium repens (Fabaceae). Soil Biol. Biochem. 36, 2005–2011. doi: 10.1016/j.soilbio.2004.05.019

Laossi, K.-R., Noguera, D. C., Bartolomé-Lasa, A., Mathieu, J., Blouin, M., and Barot, S. (2009). Effects of an endogeic and an anecic earthworm on the competition between four annual plants and their relative fecundity. Soil Biol. Biochem. 41, 1668–1673. doi: 10.1016/j.soilbio.2009.05.009

Larson, E. R., Kipfmueller, K. F., Hale, C. M., Frelich, L. E., and Reich, P. B. (2010). Tree rings detect earthworm invasions and their effects in northern Hardwood forests. Biol. Invas. 12, 1053–1066. doi: 10.1007/s10530-009-9523-3

Lawrence, A. P., and Bowers, M. A. (2002). A test of the ‘hot’mustard extraction method of sampling earthworms. Soil Biol. Biochem. 34, 549–552. doi: 10.1016/s0038-0717(01)00211-5

Lawrence, B., Fisk, M. C., Fahey, T. J., and Suárez, E. R. (2003). Influence of nonnative earthworms on mycorrhizal colonization of sugar maple (Acer saccharum). New Phytol. 157, 145–153. doi: 10.1046/j.1469-8137.2003.00649.x

Lenth, R., Singmann, H., and Love, J. (2020). Emmeans: Estimated Marginal Means, aka Least-Squares Means. R Package Version 1.4.5.

Linder, H. P., Lehmann, C. E. R., Archibald, S., Osborne, C. P., and Richardson, D. M. (2018). Global grass (Poaceae) success underpinned by traits facilitating colonization, persistence and habitat transformation: grass success. Biol. Rev. 93, 1125–1144. doi: 10.1111/brv.12388

Liu, L., Alpert, P., Dong, B.-C., and Yu, F.-H. (2020). Modification by earthworms of effects of soil heterogeneity and root foraging in eight species of grass. Sci. Total Environ. 708:134941. doi: 10.1016/j.scitotenv.2019.134941

Londo, G. (1976). The decimal scale for releves of permanent quadrats. Vegetatio 33, 61–64. doi: 10.1007/BF00055300

Mulligan, G. A., and Bassett, I. J. (1959). Achillea millefolium complex in Canada and portions of the United States. Can. J. Bot. 37, 73–79. doi: 10.1139/b59-007

Nuzzo, V., Dávalos, A., and Blossey, B. (2015). Invasive earthworms shape forest seed bank composition. Divers. Distribut. 21, 560–570. doi: 10.1111/ddi.12322

Nuzzo, V. A., Maerz, J. C., and Blossey, B. (2009). Earthworm invasion as the driving force behind plant invasion and community change in northeastern North American forests. Conserv. Biol. 23, 966–974. doi: 10.1111/j.1523-1739.2009.01168.x

Oaks, A., and Hirel, B. (1985). Nitrogen metabolism in roots. Annu. Rev. Plant Physiol. 36, 345–365. doi: 10.1146/annurev.pp.36.060185.002021

Paudel, S., Longcore, T., MacDonald, B., McCormick, M. K., Szlavecz, K., Wilson, G. W. T., et al. (2016). Belowground interactions with aboveground consequences: Invasive earthworms and Arbuscular mycorrhizal fungi. Ecology 97, 605–614. doi: 10.1890/15-1085

Peel, A. J. (2013). Transport of Nutrients in Plants. Amsterdam: Elsevier.

Pérez-Harguindeguy, N., Díaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry, P., et al. (2016). Corrigendum to: new handbook for standardised measurement of plant functional traits worldwide. Aust. J. Bot. 64, 715–716. doi: 10.1071/bt12225_co

Puga-Freitas, R., Barot, S., Taconnat, L., Renou, J.-P., and Blouin, M. (2012). Signal molecules mediate the impact of the earthworm Aporrectodea caliginosa on growth, development and defence of the plant Arabidopsis thaliana. PLoS One 7:e049504. doi: 10.1371/journal.pone.0049504

R Core Team (2020). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

Reich, P. B. (2014). The world-wide ‘fast-slow’ plant economics spectrum: a traits manifesto. J. Ecol. 102, 275–301. doi: 10.1111/1365-2745.12211

Richardson, J. B., Blossey, B., and Dobson, A. M. (2018). Earthworm impacts on trace metal (Al, Fe, Mo, Cu, Zn, Pb) exchangeability and uptake by young Acer saccharum and Polystichum acrostichoides. Biogeochemistry 138, 103–119. doi: 10.1007/s10533-018-0434-1

Roumet, C., Birouste, M., Picon-Cochard, C., Ghestem, M., Osman, N., Vrignon-Brenas, S., et al. (2016). Root structure-function relationships in 74 species: evidence of a root economics spectrum related to carbon economy. New Phytol. 210, 815–826. doi: 10.1111/nph.13828

Scheu, S. (1992). Automated measurement of the respiratory response of soil microcompartments: active microbial biomass in earthworm faeces. Soil Biol. Biochem. 24, 1113–1118. doi: 10.1016/0038-0717(92)90061-2

Scheu, S. (2003). Effects of earthworms on plant growth: patterns and perspectives: the 7th international symposium on earthworm ecology Cardiff Wales 2002. Pedobiologia 47, 846–856. doi: 10.1078/0031-4056-00270

Scheu, S., and Parkinson, D. (1994). Effects of invasion of an aspen forest (Canada) by Dendrobaena Octaedra (Lumbricidae) on Plant Growth. Ecology 75, 2348–2361. doi: 10.2307/1940889

Shuster, W. D., Subler, S., and McCoy, E. L. (2001). Deep-burrowing earthworm additions changed the distribution of soil organic carbon in a chisel-tilled soil. Soil Biol. Biochem. 33, 983–996. doi: 10.1016/S0038-0717(01)00002-5

Straube, D., Johnson, E. A., Parkinson, D., Scheu, S., and Eisenhauer, N. (2009). Nonlinearity of effects of invasive ecosystem engineers on abiotic soil properties and soil biota. Oikos 118, 885–896. doi: 10.1111/j.1600-0706.2009.17405.x

Thakur, M. P., Künne, T., Unsicker, S. B., Biere, A., Ferlian, O., Pruschitzki, U., et al. (2020). Invasive earthworms reduce chemical defense and increase herbivory and pathogen infection in native trees. J. Ecol. 109:13504. doi: 10.1111/1365-2745.13504

Tjoelker, M. G., Craine, J. M., Wedin, D., Reich, P. B., and Tilman, D. (2005). Linking leaf and root trait syndromes among 39 grassland and savannah species. New Phytol. 167, 493–508. doi: 10.1111/j.1469-8137.2005.01428.x

van Groenigen, J. W., Lubbers, I. M., Vos, H. M. J., Brown, G. G., De Deyn, G. B., and van Groenigen, K. J. (2014). Earthworms increase plant production: a meta-analysis. Sci. Rep. 4:6365. doi: 10.1038/srep06365

Wardle, D. A., Bardgett, R. D., Callaway, R. M., and der Putten, W. H. V. (2011). Terrestrial ecosystem responses to species gains and losses. Science 332, 1273–1277. doi: 10.1126/science.1197479

Warwick, S. I., and Black, L. (1982). The biology of Canadian Weeds: 52. Achillea millefolium L. S.L. Can. J. Plant Sci. 62, 163–182. doi: 10.4141/cjps82-024

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. Berlin: Springer.

Wilson, P. J., Thompson, K., and Hodgson, J. G. (1999). Specific leaf area and leaf dry matter content as alternative predictors of plant strategies. New Phytol. 143, 155–162. doi: 10.1046/j.1469-8137.1999.00427.x

Wurst, S., Langel, R., Reineking, A., Bonkowski, M., and Scheu, S. (2003). Effects of earthworms and organic litter distribution on plant performance and aphid reproduction. Oecologia 137, 90–96. doi: 10.1007/s00442-003-1329-x

Wurst, S., Langel, R., and Scheu, S. (2005). Do endogeic earthworms change plant competition? A microcosm study. Plant Soil 271, 123–130. doi: 10.1007/s11104-004-2201-4

Zaller, J. G., and Arnone, J. A. III (1999). Interactions between plant species and earthworm casts in a calcareous grassland under elevated CO2. Ecology 80, 873–881. doi: 10.2307/177024


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor declared a past co-authorship with the authors, OF, MPT, and NE.

Copyright © 2021 Thouvenot, Ferlian, Beugnon, Künne, Lochner, Thakur, Türke and Eisenhauer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Do Invasive Earthworms Affect the Functional Traits of Native Plants?



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Design



		Data Collection



		Plant Cover Estimation



		Aboveground Traits and Species-Specific Biomass



		Belowground Trait Measurements at the Species and Community Level







		Abiotic and Biotic Soil Properties



		Statistical Analyses







		RESULTS



		Plant Community and Species-Specific Cover and Biomass



		Plant Functional Trait Responses at Species and Community Level



		Earthworm Effects on Soil Abiotic Parameters and Microbes







		DISCUSSION



		Plant Community and Trait Responses to Earthworm Presence



		More Pronounced Responses of Grasses Than of Herbs to Earthworm Presence







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Plant Science

Do Invasive Earthworms Affect
the Functional Traits of Native
Plants?









OPS/images/fpls-12-627573-t001.jpg
Tree biomass Species identity (S) Earthworm (E) Interaction S x E

X2 p-Value X2 p-Value x2 p-Value x2 p-Value R2

(1) Aboveground traits

Height 3.97 0.05 992.46 <0.0001 0.54 0.46 8.30 0.04 0.69
Shoot:root ratio 0.07 0.79 46.15 <0.0001 0.001 0.97 1.86 0.60 0.39
Specific leaf area 2.44 0.12 419.69 <0.0001 0.00 0.98 8.29 0.04 0.69
Leaf dry matter content 2.31 0.13 1181.19 <0.0001 0.37 0.54 6.25 0.10 0.85
Number of ramets 0.03 0.86 393.90 <0.0001 1.62 0.20 0.90 0.83 0.89
Proportion of flowering individuals 0.04 0.84 69.37 <0.0001 0.28 0.61 3.11 0.38 0.65
(2) Nutrient traits

Leaf carbon content 0.16 0.69 70.01 <0.0001 0.14 0.71 2.96 0.40 0.40
Leaf nitrogen content 3.51 0.06 150.03 <0.0001 0.33 0.57 4.07 0.25 0.64
Leaf C:N ratio 3.12 0.08 165.51 <0.0001 0.44 0.51 4.74 0.19 0.66
Leaf §'°N signature 0.83 0.36 10.17 0.017 4.31 0.04 10.56 0.01 0.32
(3) Belowground traits

Root length 1.36 0.24 153.13 <0.0001 1.19 0.28 10.75 0.01 0.65
Root diameter 0.47 0.49 55.57 <0.0001 0.12 0.72 0.44 0.93 0.43
Root dry matter content 4.50 0.03 31.06 <0.0001 0.77 0.38 2.99 0.39 0.50
Root tissue density 6.98 0.01 16.09 0.001 0.21 0.65 5.40 0.14 0.46
Specific root length 3.34 0.07 62.27 <0.0001 0.01 0.92 0.16 0.98 0.47

Statistical differences are based on linear mixed effect models with earthworm treatment and species identity as fixed effects alone and in interaction, the tree biomass as
a covariate, and the EcoUnits specified as a random effect. Significant effects are highlighted in bold.
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